Defects in neuronal connectivity of the brain are well documented among schizophrenia patients. Although the schizophrenia susceptibility gene Disrupted-in-Schizophrenia 1 (DISC1) has been implicated in various neurodevelopmental processes, its role in regulating axonal connections remains elusive. Here, a heterologous DISC1 transgenic system in the relatively simple and wellcharacterized Caenorhabditis elegans motor neurons has been established to investigate whether DISC1 regulates axon guidance during development. Transgenic DISC1 in C. elegans motor neurons is enriched in the migrating growth cones and causes guidance defects of their growing axons. The abnormal axonal phenotypes induced by DISC1 are similar to those by gain-of-function rac genes. In vivo genetic interaction studies revealed that the UNC-73/TRIO-RAC-PAK signaling pathway is activated by ectopic DISC1 in C. elegans motor axons. Using in vitro GST pull-down and coimmunoprecipitation assays, we found that DISC1 binds specifically to the amino half of spectrin repeats of TRIO, thereby preventing TRIO's amino half of spectrin repeats from interacting with its first guanine nucleotide exchange factor (GEF) domain, GEF1, and facilitating the recruitment of RAC1 to TRIO. In cultured mammalian cells, RAC1 is activated by increased TRIO's GEF activity when DISC1 is present. These results together indicate that the TRIO-RAC-PAK signaling pathway can be exploited and modulated by DISC1 to regulate axonal connectivity in the developing brain.
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genetic model | rolipram S chizophrenia is a neurodevelopmental disorder with genetic predispositions (1, 2). Although the etiology and neuropathology of schizophrenia are still elusive, functional and neuroanatomical studies from patients have documented various abnormalities in the diseased brain. In particular, defects in neuronal connectivity during development have been proposed as an important precipitating factor for schizophrenia, which is thought to be unmasked by other developmental events or environmental stressors later in life (3). It is therefore likely that some of the major schizophrenia susceptibility genes are important for regulating axonal connections during development.
In recent years, the effort to search for genes susceptible to schizophrenia has led to the identification of the Disrupted-inSchizophrenia 1 (DISC1) gene, whose mutation is highly associated with schizophrenia and other major human mental diseases (4). DISC1 has roles in neuron proliferation, neuron migration, axon outgrowth, and synapse formation/maturation (5-8). In our previous studies, we identified an unexpected role of DISC1 in regulating the guidance of developing axons in the adult-born hippocampal dentate granule cells (5, 9). These effects expand the known functions of DISC1 but sheds little light on how DISC1 effects axon guidance.
To systemically study the role of DISC1 in axon guidance and to identify the signaling pathways that might be involved, we set out to establish a heterologous genetic system in the nematode Caenorhabditis elegans, in which no endogenous DISC1 homologous gene is identified (10) . In this genetic model, DISC1 is accumulated in the growth cone, and transgenic animals exhibited axon guidance defects. Further genetic interaction studies showed that DISC1 regulates axon guidance through activation of RAC-PAK signaling pathways. Importantly, we confirmed this finding in mammalian cultured cells and demonstrated that DISC1 can interact with mammalian TRIO to activate the RAC-PAK signal pathway.
Results
Heterologous Mouse DISC1 (mDISC1) Induces Axon Guidance Defects in C. elegans. A GFP and mDISC1 fusion protein (GFP:: mDISC1) was expressed in C. elegans D-type dorsal (DD) and ventral (VD) motor neurons under a GABAergic-specific unc-25 promoter. These neurons are located along the ventral midline of the worm body and project their commissural axons dorsally ( Fig. 1 A and B) . In these mDISC1 transgenic worms, some of the commissures failed to reach their dorsal destinations. We quantified the severity of axon guidance defect by calculating the percentage of commissures that failed to reach the dorsal cord at young adult stages. In mDISC1 transgenic animals, approximately 40% of commissures showed guidance defects, compared with less than 5% in control animals expressing GFP alone. (Fig.  1 C-E).
Transgenic mDISC1 in C. elegans Motor Neurons Functions in a Similar
Fashion as in Vertebrate Neurons. To validate the use of heterologous mDISC1 in C. elegans, we first characterized its subcellular localization in motor neurons. In vertebrate neurons, DISC1 is known to be present in the growth cone (11) . Similarly, in mDISC1 transgenic worms, GFP::mDISC1 was observed in migrating VD growth cones at larval stage 2 (L2) (75%, n = 20) (Fig. S1A ) and in the tips of mature axons at L4 or young adult stage after the motor axons had already reached their final targets (Fig. S1B) . The local accumulation of mDISC1 inside the growth cone was also observed in dissociated neurons from mDISC1 transgenic animals ( Fig. S1C) , suggesting that extrinsic factors are not involved in the mDISC1 localization. By testing serial deletion constructs of mDISC1, we found that such accumulation at axon tips was regulated by its C terminus (Fig. S1D) , as has been suggested in vertebrate cells (4).
DISC1 is known to interact with more than a dozen vertebrate genes (4). Among these genes, homologs of two well-known mDISC1-interacting genes, pde-4 and lis-1, are present in the C. elegans motor neurons (12) (Fig. S2) . To validate studying mDISC1-mediated signaling pathways in the C. elegans heterologous system, we tested whether the phenotype caused by ectopic mDISC1 was suppressed by knockdown of these two C. elegans genes. We found the axon guidance defects in mDISC1 trans-genic animals were suppressed by RNAi knockdown of pde-4 (Fig. 1F) . RNAi of lis-1 caused embryonic lethality as previously reported (12) . However, some escapers that had milder RNAi effects showed significant suppression of the guidance defect (Fig. 1F) . Together, these studies demonstrate mDISC1 proteins in the C. elegans motor neurons behave similarly to those in vertebrate neurons. Pathway. UNC-73-RAC-PAK signaling has previously been characterized in the guidance of C. elegans motor commissural axons (13) . Interestingly, the C. elegans motor axons expressing the mDISC1 gene exhibited a unique branching defect very similar to those in the transgenic worms expressing gain-of-function (gf) rac genes (14) (Fig. 2) . In wild-type worms, each DD or VD axon has two branch points: the first point is located at the start of the commissural branch that extends from the ventral axon process, and The second branch point is at the end of the commissure that branches into anteriorly and posteriorly extended processes (Fig. 2 A and E) . The average branch points in many axon guidance mutants such as max-1 remain unchanged ( Fig. 2 B and E) . However, in both mDISC1 and rac(gf) transgenic animals, affected axons not only exhibited a similar abnormal branching pattern but also had significantly more branch points (Fig. 2 C-E) . In addition to the branching phenotype, both mDISC1 and rac(gf) transgenic animals also displayed axon guidance defects with misguided commissures failing to reach the dorsal cord. Involvement of RAC signaling by mDISC1 was further supported by the observation that expression of dominantnegative (dn) rac genes in mDISC1 transgenic animals suppressed the axon guidance defects, but expression of wild-type rac genes enhanced the phenotype (Fig. 3B ).
As summarized in Fig. 3A , the two rac genes, ced-10 and mig-2, function redundantly in motor axons. Although single mutants of rac genes cause no axon guidance defects, double rac mutants exhibit severe axon guidance defects. On the other hand, the roles of the two pak genes, pak-1 and max-2, are slightly different: MAX-2 has RAC-dependent and RAC-independent roles, but PAK-1 functions completely in the RAC signaling pathway, which is redundant to MAX-2 (Fig. 3A) . Consistent with the rac (dn) experiments, single mutants of mig-2 or ced-10 partially but significantly suppressed the axon guidance defects (Fig. 3C ). It is important to note that mutants with severe axon guidance defects would preclude us from performing genetic suppression experiments. We therefore were unable to test double mutants such as ced-10;mig-2 that, by themselves, showed severe axon guidance defects (13, 14) . However, double mutants of pak-1;ced-10, which did not exhibit axon guidance defects by themselves (13) , suppressed the defects of mDISC1 transgenic animals more significantly than either pak-1 or ced-10 single mutants (Fig. 3E) . Our previous genetic studies have shown that, in RAC-PAK signaling, PAK-1 is the preferential effector for MIG-2, whereas MAX-2 functions preferentially downstream of CED-10 ( Fig.  3A ) (13) . Consistent with this finding, pak-1;ced-10 double mutant was a stronger suppressor than pak-1;mig-2 double mutant in transgenic mDISC1 background (Fig. 3E) .
We reasoned that, if activation of RAC signaling by ectopic mDISC1 is a mechanism by which axon guidance is affected, mutants of genes that transduce signals by RAC-independent pathways would be predicted to enhance the axon guidance ) (E) The adult mDISC1 animals have an average of 40% axon guidance defect. The L1 transgenic animals exhibit similar percentage of defects, indicating that the phenotype is caused by a defect in the guidance of developing axons rather than to abnormal regrowth from degenerated axons. (F) The axon guidance defects caused by expressing mDISC1 are suppressed by RNAi knockdown of C. elegans homologs of known mammalian DISC1-interacting molecules (n = 25-60). col-86, negative control gene. (G) Incubation of the mDISC1 animals with a PDE4-specific inhibitor, rolipram, suppresses the guidance defects (n = 60). Bars represent the SE. *P < 0.05, **P < 0.001 (Student's t test). In all pictures, anterior is to the left and dorsal is up.
defects in mDISC1 transgenic animals. Indeed, consistent with its additional RAC-independent role, max-2 single mutant enhanced the defects (Fig. 3D ). In addition, the axon guidance defects of mDISC1 transgenic animals were enhanced by the mutation of a RAC-independent gene, max-1 (Fig. 3D) . Collectively, these data not only support mDISC1 activation of RAC-PAK signaling but also suggest mDISC1 acts as an upstream regulator of the RAC-PAK signaling.
Given that UNC-73 is the main guanine nucleotide exchange factor (GEF) activating the RAC-PAK signaling in C. elegans motor axons (15, 16), we investigated whether DISC1 activates RAC-PAK signaling through unc-73. The first GEF domain, GEF1, of UNC-73 is specific for activating RAC, which is both necessary and sufficient for the function of UNC-73 in axon guidance (15) . The axon guidance defects of the mDISC1 transgenic worms were suppressed by a hypomorphic unc-73 allele, rh40, which has a missense mutation in its GEF1 domain (Fig. 4C) . Thus, in heterologous C. elegans motor axons, mDISC1 is likely to activate RAC-PAK signaling through UNC-73. in Mammalian Cells. To validate and further investigate the interactions between mDISC1 and UNC-73-RAC-PAK signaling in mammalian cells, we used mammalian homologous proteins to study the molecular interactions. We found that DISC1 coimmunoprecipitated with TRIO, an UNC-73 mammalian homolog (Fig. 4D) , as independently reported in a previous yeast two-hybrid study (17) . TRIO is a large Dbl family protein, whose structure consists of two GEF domains: the RAC1-specific first GEF (GEF1) and the RHO-specific second GEF (GEF2) (Fig.  4B) . Domain mapping indicated that N-terminal globular domain of mDISC1 bound to the amino half of spectrin repeats (SPn) and the GEF2 of human TRIO (hTRIO) (Fig. S3) . Because the GEF2 domain is dispensable for its function in guiding commissural motor axons in C. elegans (15), we focused on the interaction of DISC1 with TRIO-SPn and asked how such an interaction affected RAC-PAK signaling.
First, in a series of in vitro pull-down assays, we found that the RAC1-specific TRIO-GEF1 specifically bound to TRIO-SPn but not to the carboxyl half of spectrin repeats (SPc) or TRIO-GEF2 (Fig. 4E) . Second, the binding between TRIO-GEF1 and its effector RAC1 was significantly compromised in the presence of exogenous TRIO-SPn (Fig. 4F) . These results indicate that the recruitment of RAC1 to TRIO's GEF1 domain is inhibited by the binding of its SPn. Next, we investigated the effect of mDISC1 on the interaction between RAC1 and hTRIO-B, a mammalian equivalent to the C. elegans unc-73b isoform that is sufficient to rescue the axon guidance defect caused by unc-73 mutants (15) . In vitro pull-down experiments showed that mDISC1 itself did not bind RAC1 (Fig. S4 ), but hTRIO-B recruited more RAC1 in the presence of mDISC1 (Fig. 4G) .
To confirm the in vitro biochemical results, a RAC1 activity assay was performed in COS cells. As shown in Fig. 4H , active GTP-bound RAC1 was dramatically increased in the presence of both DISC1 and TRIO. In addition, when unc-73b was expressed in wild-type C. elegans motor neurons, only very mild axon guidance defect was observed. However, expression of unc-73b in the motor neurons of mDISC1 transgenic animals strongly enhanced the axon guidance defects (Fig. 4I) . Together, we conclude that DISC1 can interact with TRIO's SPn, which results in activation of UNC-73/ TRIO-RAC-PAK signaling to induce axon guidance defects.
Discussion
A heterologous DISC1 genetic model has been established in C. elegans motor neurons. Using this system, we studied how DISC1 is involved in the signaling pathways of axon guidance. We showed that DISC1 can activate the RAC-PAK signaling pathway via interacting with UNC-73/TRIO in C. elegans motor axons. Importantly, this DISC1-mediated signaling pathway is phylogenetically conserved. In mammalian cultured cells, DISC1 directly interacts with the SPn domain of TRIO. This interaction facilitates the recruitment of RAC1 to the GEF1 domain of TRIO and results in activation of RAC1 activity.
C. elegans is a relatively simple genetic system for investigating molecular signaling pathways. By establishing the mDISC1 transgenic animal, we were able to dissect the molecular interactions in detail. We found that, in C. elegans motor neurons, DISC1 interacts with a GEF, UNC-73/TRIO, and activates the RAC signaling to regulate axon guidance. TRIO's role in axon guidance has been well studied, and its functions are phylogenetically conserved (15, 18, 19) . Thus, our results were readily applicable to the mammalian system. Indeed, we demonstrated similar interactions of DISC1 with the TRIO-RAC signaling in mammalian cultured cells. TRIO is a Dbl family protein, which has two distinct GEF domains (20) . Our analysis suggests an inhibitory control of GEF1 activity by the SPn domain of TRIO. Consistent with these findings, the N terminus of TRIO has been shown to act as a dominant-negative inhibitor of TRIO's activity (21), and similar inhibitory mechanisms have been reported in other Dbl family proteins (22, 23) . Thus, despite its heterologous nature, the established mDISC1 genetic system has proven useful for studying DISC1's functions. Neuronal dysconnection has been demonstrated in the brains of schizophrenic patients (24, 25) . However, the causes of such abnormalities are still unknown. Recent evidence has begun to show that schizophrenia susceptibility genes are essential for axonal connectivity during development. For example, neuregulin, a well known schizophrenia susceptibility gene, is required for thalamocortical projections in mice (26, 27) . Our studies in mouse hippocampi and in C. elegans motor neurons together also show that DISC1 plays a role in regulating axonal connections (9) . Because DISC1 is involved in essentially all aspects of neurodevelopment (4-7, 11), and because more than a dozen cytosolic proteins are reported to interact with DISC1 (6, 8, [28] [29] [30] , it is likely that DISC1 acts as a scaffold protein inside neurons, recruiting various signaling components to exert its specific function at different developmental stages. It is therefore not surprising that, in contrast to our results, DISC1 has recently been reported to interact with another RAC1-GEF, Kalirin-7, and to inhibit the RAC1 signaling during dendritic spine morphogenesis (31) . Despite the differences, these studies together suggest that mutations of genes involved in the RAC-PAK signaling pathway might cause schizophrenia or other related mental illnesses. Indeed, abnormal expressions or mutations of genes in this RAC-PAK pathway have been reported in human genomic studies of patients with psychotic symptoms (32) (33) (34) .
Several transgenic C. elegans lines have been successfully established to study human neurodegenerative disorders (35) (36) (37) (38) (39) (40) . Such heterologous genetic models have proven to be very useful for understanding disease pathogenesis and developing therapeutic strategy. For instance, the heterologous model for polyglutamine aggregation in C. elegans has demonstrated that chronic expression of aggregation-prone proteins can disrupt the homeostasis of protein folding and cause pleiotropic cytotoxicity (35) . The establishment of this transgenic DISC1 model expands the repertoire of C. elegans disease models to study human neurodevelopmental disorders. One important application of disease models in C. elegans is to identify drug targets or screen for new drugs (41) (42) (43) . Recently, a large-scale small-molecule screen in C. elegans has successfully isolated a calcium channel blocker. Subsequent suppressor genetic screens also identify the α 1 -subunit of the L-type calcium channel as a potential drug target (44) . Interestingly, when the mDISC1 transgenic animals were incubated with rolipram, a well-known phosphodiesterase 4 (PDE4)- (13) . The RAC-dependent pathway involves unc-73 (a GEF gene), two functional redundant rac genes, ced-10 and mig-2, and two downstream pak genes, pak-1 and max-2. The RACindependent pathway is simplified by showing a completely RAC-independent gene, max-1. Note that the max-2 gene also has a RAC-independent function. Solid arrows indicate direct activation, and dashed arrows indicate weaker activation. (B) The severity of axon guidance defects in mDISC1 transgenic animals is significantly suppressed by ced-10(dn) or mig-2(dn), whereas expression of wild-type ced-10 or mig-2 enhances the axon guidance defects of mDISC1 transgenic animals. (C) Single mutants of ced-10 or mig-2 suppress the axon guidance defects of mDISC1 transgenic animals. (D) Axon guidance defects in mDISC1 transgenic animals are greatly enhanced by loss of genes that can transduce signals independent of the RAC signaling pathway. (E) Double mutants of pak-1;ced-10 suppress the defects more significantly than either pak-1 or ced-10 single mutants. They also suppress the defects more significantly than pak-1;mig-2 double mutants, consistent with the preferential uses of the rac-pak genes in the motor axons. In all diagrams, bars represent the SE (n = 32-62). *P < 0.05, **P < 0.001 (Student's t test).
specific inhibitor with anti-psychotic effects, the axon guidance defects were apparently suppressed (Fig. 1G) . Thus, this established mDISC1 genetic system could be used in the future to screen for small molecules or chemicals with potential therapeutic effects on DISC1-related abnormalities.
Materials and Methods
Phenotypic Analysis. The axon guidance defects were quantified by calculating the percentage of commissures from DD and VD motor neurons that failed to reach the dorsal cord within a single animal. For branching phenotype, the branch point was defined as a point with an additional neurite extending more than 1 μm in length. Multiple comparisons were performed with the twotailed Student's t test and a Benjamini and Hochberg correction. In all figures, statistically significant differences are indicated by asterisks.
Descriptions of C. elegans strains, constructs, in vitro binding assay, RAC1 activity assay, and other general techniques are provided in SI Materials and Methods.
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